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SUMMARY 

The trajectories of waterdrop8 in air  flowing  over  airfoils are 
determined for three  airfoil - angle-of  -attack  ccsnbinatians using the 
differential  analyzer to solve t h e  differential  equations  of  motion 
of the  waterdrops. F r o m  these  trajectories +he rate of water impinge- 
ment, t he  area  of  impingement,  and the distribution of impingement 
are determined as functions  of two dimensionless moduli. 

Comparisons are  made of the rate of water impingement on these 
airfoils and the rate of  water impingement on cylinders. 

If a body of any shape and size move8 through a cloud, some of  the 
waterdrops  in  its path will tend  to jmpinge on the  surface of that body 
over an area  which w i l l  vary  according  to the size  of the d r o p ,  the 
speed of the body, and so forth.  Other drops originally in it6  path 
will  be  carried around the body and will not impinge- Studies  have 
been made of the rate and distribution  of impingement of  waterdrops 
on cylinders and two  different  airfoils  by means of numerical.  Fnte- 
gration of the differential equations of the motion of  the drops 
(references 1, 2, and 3) and on cylinders,  epheres,  and  ribbon8 by 
solution  of these equations on a differentia W z e r  (reference 4). 

References 1 and 2 both made the assumption that the velocity and 
size of t h e  drops were such that Stokes' law of resistance was followed. 
References 3 and 4 did not &e this  assumption,  which  is not applicable 
at  the  velocities of airplanes and for the drop sizes  prevalent in 
clouds. These references  employed  instead the experimentally  determined 
d r a g  coefficient for spheres as a better  approximation t o  t he  drag 
coefficient  of the dmps. 
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In the  praaent s t u d y ,  the rate 8nd diStribUtiOR of impingement of 
waterdrops on a symmetrical,  15-percent-thicky Jouko-mki a i r f o i l  a t  
angles of at tack of 00 (Case I) and 20 (Case 11) and on a canibered 
(a = lmean line),  l?-percent-thick, Joukowski a i r f o i l  st 00 angle 
of attack (Case IV) are determined u s i n g  a di f fe ren t ia l  analyzer f o r  
solution of the-differential   equations and e-loying the experimentally 
a e t e d n e d  drag coefficient of spheres to approximate the drag 
coefficient of the waterdrops. Figure 1 is  a drawing of the three 
airf'oil  cases (Case I11 was to have been a s t u d y  of the 8ynrm4trical, 
15-percent-thick,   Joukmki  airfoil  a t  4' angle of attack,  but it 
w&s decided to  study Case IV i n  preference thereto.) 

This project w a s  under the general directlon of L. M. K. Boelter. 
The authors wish t o  acknowledge the advice of John W. Hazen in  the 
diraction and implementation of the research program and the   as~fe tance  
of R. Peck and M. Potter Fn making the necessary  computatibe f o r  
presentation of the-data and ale0 the assietance of the operators of - 
the d i f fe ren t ia l  analyzer wder E. Janssen and G. N. B r i t t l e .  

This work wa8 cmWcted under the  sponsorship and with the financial  
assistance of the National Advisory C o d t t e e   f o r  Aeronautics. 

SYMBOLS 

C chord  length of a i r f o i l ,  f t  

CD drag coefficient of drop, [l]* 

E percentage  catch baaed on maximum c 1 3  , 

&i t o t a l  percentage  catch  thfclmese of a i d o i l  El3 
f drag force, # 
In  mas^ of drop, Ib o r  # sec2/ft* 

M r a t e  of impingement of waterdrope on a body, lb /hr  f t  spn 

P velocity of drop r e l a t ive   t o  air, f t / sec  

I {  

r radius of drop, f t 

jt DimensionleEs 
"x The abbreviation, It, represents pound mass; 

the symbol, #, representa pound force. 
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. RP Reynolds Modulus f o r  drop a t  relative  velocity P, [l] 

Rv R ~ D O ~ C I S  Modulus f o r  drop a t  free-stream velocity, 111 
8 position of impingement on surface of a i r f o i l ,  meamred from 

3 furthest position of impingement on surface of a i r fo i l   ( i . e . ,  

chord line, divlded by chord length, El] 

trajectory tangent), measured from choH line, divided by 
chord length, [d 

t time, sec 

ua velocity campanant of air pmdJ.el t o  chord line, f t /aec  

ud velocity  cmsonent of drop p r a l l e l  to chord l ine,   f t /eec 

u free-stream  velocity,  ft/sec 

pa velocity coIgponen.t of air nomd t o  chord line, f t / sec  

X =stance from the axis normal t o  chord line which intersects  
leading edge at chord line i .e. ,   distance  fron y-axis), 
divided by chord length, 

7a 

distance from the axis parallel t o  chord line which intersects  
leading edge a t  chord line ( i -e - ,   d i s tance  from x-axis), 
divided by chord length, [l] 

distance of a trajectory f k  the x-axis a t  x = -my divided 
by chord length, [l] 
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a angle of attack of airf‘oil, deg 

Subscripts : 

A a i r f o i l  

C cylinder 

L lower 

2. second  impinging trajectory 

ANALYSIS 

In a cloud, the motion of a waterdrop which results when a body 
move8 through that cloud with finite velocity is caused by the drag 
created by flow of the displaced air r e l a t ive   t o  the waterdrop. Thie  
resul t ing motion is the same as If the waterdrop had bsen suspended 
i n  air flowing over the stationary body with the a m  velocity. 
Making a force bdance  on t he  waterdrop (see f ig .  2) one obtains : 

E F = O = m - f  

~ F x = O = m - - f c o 8 8  a t  

where f ,  the drag; force, is: 
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and 

p a  - %) u, - ua cos 8 = - P - P  
- 

These may be reduced to: 

Subst i tut ing  in  equations ( 5 )  and (6 )  the  relationships: 
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give s 

Equations (7) and (8) are the desired equations for the two- 
dimsnsiond motion of a waterdrop i n  an air stream flowing over a body. 
For  solution of the di f fe ren t ia l  BnBlyzer, these equationer must be 
arra3lged 88 f ollowe: 

' f  

. 
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. Enowledge of  the  magultude of the  quantities (We ratio of the CDPP 

actual drag coefficient to the drag coefficient  given by Stokes’ l a w )  and 
the  velocity  components of the air  stream, ka and fa, as a function  of 
the  location  of  the  waterdrop  relative to the body, must be available for 
the  solutian  to  proceed on the differential  analyzer. The variation 

of cB was taken fram table I in reference 4. Plots of ia and ia, 24 
the  velocity  components of the air stream, a8 functione of position 
relative to the aj.rfoils  under  consideration  were  supplied by Ames 
Aeronautical  Uboratory, Moff ett  Field,  California. 

Finally, having fixed .Jr, the Scale Modulus (presented in reference 3), 
and +, the Reynolds M o d u l , ~  of the drop based on free-stream  velocity, 
solution of the equations  can begln provided initial  conditions for a 
izajectory  are lmown. If it were possible to stmt the trajectory  at 
infinite  distance forward of the airfoil, there would be no question  as 
to  the h i t i a l  canditions  because the drop w o u l d  have  free-stream  velocity 
at  that  distance.  However,  at a sufficiently large - though  flnite - 
distance  ahead  of  the  airfoil, the waterdrop  etill.ha8  essentially  free- 
stream velocity. It is  then necessary merely  to determine this  distance 
and start the tra3ectow there.  (See  section EXCABLtSHMENT OF IXMTAL 
comITIoNs.) 

As s h m  in figure 3, waterdrops started at  different  points w i l l  
have  different  trajectories. A waterdrop which  has  its  trajectory 
tangent to the  upper  surface of the  airfoil w i l l  s t a r t  at some 



position y when a large distance ahead of the airfoil. Another 

drop at eoms position y = yoL when a Largie distance ahead of the airfoil 
will have a trajectory w h i c h  is tangant to the  lower BuIcpBce of the 
airf'oil. A l l  drops  located between y and yoL at this large distance 

ahead of the  airfoil vlll have trajectories  which  lntersect the airf'oil 
surface,  that is, t he  drops will ispringe an the eurface - specifically on 
that  portion of the surface limited by the points of tangency of t he  tangent 
trajectories. A l l  drops  outside yoITz y> y- xill miee the airfoil. 

= 

on 

A6 mentioned prevloualy, the Etxea of 3xpingemsnt of waterdrops lies 
between the point of tangency on the upper surface and the point of 
tangency on the lower &ace. Mstribution over this area can be 
found by determfning  additiond.  IzaJectories s t a r t i n g  fram point8  inter- 
mediate betwean yq and yoL, such as yol and yo2 in figure 3.  

The differential ana3yzer 00 gives the drop velocities at the 
points of intpingement.  This  information  ie  incidental  to the immediate 
purpose of this  study,  but  is  included  with t h e  more  pertinent materid 
in thia report for possible future use. 

The more important  aseumptions  whioh  it has been necessary to make 
in arriving at the simplified problem which ebdmits of 8olution are: 

(1) At a large distance ahead of the airToi1, the drop8 move with 
f ree-s  tream  velocity  (that l e ,  at the same velocity as the  air) and 
with motion parallel to the free-stream path. . 

(2),The flow of air  around the airfoil is that of an ideal  f l u i d  
without turbulence or ccwrpreeeibility. (The drag of t h e  air on the 
-02 IS that of a fluid h e r ~ i n g  viscosity- ) 

(3 ) The drops are spherical. 

' (4) ,No gravitational force acts on the drop. 

In the study of waterdrop traJectoriee, the boundary  conditions are 
that the waterdropa axe traveling w i t h  free-stream velocity at x = -00 

(that  is, at infinite distance ahead of the a i r f o i l )  At  finite diatancee 
from the le- edge of the airfoil, the drops have velocity  ccmpanenta 
and positions  varylng between thoee given by the free stream and the 
streamlines. 

For Airfoil  Case I (shown at top  in  fig. l), the divergence of t he  stream- 
lines is 0.13 percent at x = -3.05, 0.3 percent at x = -2.00, and 1.2 percent 
at x = -0.95. Since the divergence  is 80 small  at x m -3.05 and even 
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at x = -2.00, postulating  free-stream  velocity and position for the d.rops 
at x = -2.00 should  not &use  great  erkor in the  trajectories.  However, 
x = -2.00 is too great a distance  for  obtaining  rapid  results on the 
differential  Etnalyzer; x = -0.95 being  about the naaximum pedssible 
approach to the aidoil leading edge (for a scale of 20 in.  per  chord 
length  on the output  table). It was  determined on the  analyzer  that  the 
assumgtion  of  free-stream  values at x = -2.00, for smal l  and  intermediate 

values of v/% ( 2-3, 2O, z3), gave values of y end yd at x = -0.95 
which  differed f r o m  the  free-stream d u e s  by less than the ssrpected 
precision  of the analyzer, as seen in the  following table: 

The deviatian of from  the  free-stream value at  x = -0.95 is  not 
inappreciable but it w a s  determined In the course of the investigation  that 
the results obtained on the analyzer were  the 8 m  regardless  of  whether 2, 
at x = -0.95 was  chosen  a8  the  free-stream  value  or  the  streamline  value. 

Further, if choice  of  free-stream  values  at x = -2.00 gave  values 
of y and 9, at x = -0.95 which  were  still veq- close to free-stream 
values, then  choice  of  free-stream  values  at any x further from the 
a i r f o i l  than x = -2.00 would give free-stream values of y and id 
at x = -2.00 since the divergence in stredines decreasee as x 

I becomes more negative and is already lees than the expected  precision 
of the ana lyze r  at x = -3 05- 

For large values of 1k/Itlr(26), choice of streamline  values for y 
and fa at x = -2.00 resulted in obtaining values  of y and jrd 

at x = -0.95 which  differed  fram streamline values by lese than the 
expected precision of the analgzer as ahown in tlie following table. 
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Eence  it would appear that for large values of $/I+,, the  initial,  caaditions 
should be atreamline poeitian and velociky cnmponents.  However, f o r  large 
values of JI/Itrr the po8itlone of the drops whose traJectorIes are tangent 
to the upper and lower surface8 of the airPstl, respectively, are quite 
close together. At x = -0.95, the distance between t he  two positions 
(measured norm&l to the free-stream pa th )  choosfng s-&eamline conditions 
differs by less than the expected precision of the analyzer  from  the 
dlstmce obtained by choosing free-stream conditions. 

L 

On the  basis of the above, free-stream values of drop position and 
velocity were taken as the initial  conditiane at x = -0.95 for all 
values of $b considered- 

For Airfoil Case II (Bhown at center in fig. l), because of the 
effect of circulation, it was not poseible to &BSUIEI free-stream  conditione 
at x = -0.95 for all cases, though the  divergence of the  streamlines was 
about 0.4 percent at x = -2.0 anb about 1.4 percent at x = -0.8. 
Preliminary t r a jec to r i es  were run f'rcxn x = -0.8 to the afrfoil surPace 
for various d u e s  of $& using free-s ream c tiane  as the initial 
conditione. For low values of Q h  (2-3 and 2 y t h e  choice aP free- 
stream canditians as initial  conditions seemed appropriate  becauee the 
trajectories  followed the path of the free stream for  about 0.6 chord 
length before &dating appreciably and the y-component of velocity of 
the drop remained equal to the f ree-stmam Initial .value f o r  about the 
8- distance. For higher values of */I$J, the trajectories and y-component 
of velocity  deviated  from  the  free-stream  values almost immediately, 
(about 0.1 chord length), indicating  that free-stream canditiane were not 
a suitable  choice for initial  conditions  at x = -0.8. 

For these Wger values of the cmditians at x = -2.0 were 
aesumed to be free-8tream  cmdltions, and trajectories w e r e  run  on the 
analyzer  from x = -2.0 to x = -0.8 for various values of yo and 
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PsamFnatim of the .traJectorles and y-cmponent of velocity  Plots 
for */% = 2O, which were run f r o m  x = -2.0 t o  x = -0.8 u s i n g  free- 
stream initial conditions, reveal& that there was l i t t l e   d e v i a t i a n   f o r  
about 0.3 chord length, 821 indication that choice of free-stream condLtians 
as initial condftiona at x = -2.0 wae valid. 

Choosing streamline oonditiona as initial cmditim at x = -2.0 
f o r  = 26 @ye rasu l t s  which indicated that t h e  waterdrops were 
sti l l  follawing the streaml.TnA at x = -0.8 (5, = 0.964, fa = 0.0558; 
%a = 0.9855, fa = 0.056) d, consequenw, that s t r e d i n e   C o U t i o ~  
were probably more val id  than free-etream conditions 88 initial condi- 
t ions a t  x = -2.0. However for these large values of the " in i t i a l "  
positions of the drops whose t r s jec tor iee  a m  tangent t o  the u p p r  and 
lower  eurfaces of the airfoil ,   respectively,  are quite close  together. 
A t  I = -2.0, the divergence of the streamlines is about 0-35 percent, 
on the average,  (in the region of the t ra jec tor ies )  so postulating 
free-stream  velocity and position  as the in i t ia l   condi t ions  a t  x = -2.0 
should not  introduce  too great an error even f o r  the large values 
of $/RTJ. 

For Airfo i l  Case IV (shoxn: at the bottom in fig. I), the %or-" 
initial conditions, that is, those t o  be used when starting the drop 
t ra jector ies  at x = -0.8, were detedned by maklng pre- m s  
from x = -2.0 to x = -0.8, (as was done f o r  Case 11) assuming the 
drops to  have free-etream velocity etnd posit ian et x = -2.0. From these 
runs, the position and velcoity  coapnents of the drop a t  x = -0.8 
were determined a8 functions of yo, the starting position at  x = -2.0. 
The y-positions of the drops r e l a t ive  to  one another at x = -2.0 are 
the same as at x = -a under the assumption that the drops have free- 
stream velocity and position a t  x = -2.0. The val id i ty  of this 
assumptian f o r  most d u e s  of J I ~  was substantiated, as f o r  Case 11, 
by examination of the t r a  ector ies  for the runs from x = -2.0 to 
x = -0.8. A g a i n ,  f o r  2-9 < I@U < 26, the trajectories  followed the 
free-stream path for about 0.3 chord length before beginning to  deviate 
and the g-comgonents of the drop velocity did not change f r o m  the f ree-  
stream value (0) given them i n i t i a l l y  over  appr0xhatel.y the sane distance. 
For higher values of $/%, the choice of streamline canditians as initial 
conditiom seemed more val id  became the trajectories  obtained f o U m d  
the streamlines even a t  x = -0.8. However, for the same reasa218 given 
f o r  Case II, free-stream initial conditions vere assumed. even at high 
Values of 
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The differentid-analyzer  solutions of the equ~ttione of  motion of the 
waterdrops were in  the  form of plots  of the y-position of the waterdrop a8 
a function af x and the x-comp&ent and y-component  of velociGy of the 
waterdrop as a function of x, the  distance ahead of the a i r fo i l   l ead ing  
edge. The y versue x plot8 were  drawn on 89 output table  with a scale 
drawing of the par t i cu la r   a i r fo i l  mounted a t  one eide of the table t o  
establish the x and y frame of reference. (See f ig .  3 . )  In obtaining 
the tangent  trajectory, the analyzer XBB operated  such that a trial 
trajectory,  started at 8 m  initial y-position, yo, was drawn up to   the 
vicini ty  of t he   a i r fo i l  surf'ace. If the trajectory missed the a i r f o i l  
eurface  or impinged at some point  short of the point of tangency, a n e w  
eetimate of the initial y-position of the tangent trajectoqy was made 
and a second  traJect0z-y run on the a n a l y z e r .  "hie  trajeotory wa,8 usually 
cloee anough t o  the tangent one t o  permit  interpolation  (or  extrapolation), 
though occasianallg ( i n  the first for any a i r f o i l )  one o r  two more 

torily. Suppletmsntary t ra jector ies ,  with i n i t i a l  yo values intermediate 
between the values f o r  the trajectories  tangent to  the  upper and lower 
surfaces of the a i r fo i l ,  were run t o  %heir  points of hgingemnt on the 
&ireoil  t o  permit  deterrminatian of the distribution of the impingement. 

trio might be n8CeBS-  detel-mine the tangent  trajectory 6atiSfaC- 

The rate of impingement of water on that portion of the surf'ace of 
a body bounded by the point of tangency (SL) on the lower surface  and 
the p i n t  of tangency (SU) on the upper eur~ace, is (per unit span) :  

is the dietance between the initial position8 
of' the upper and lower  tangent  trajectories, U is the free-stream velo- 
city.,  and w is the l iquid water content of the  cloud. 

EQuation (9) may be rewritten in  tern of an efficiency of water 
catch, %, and the mrucimum catoh based op the maximum thickness of the 
a i r f o i l   ( t h a t  is, the catch of the 8 i r f O i l  when the waterdrop t ra jector ies  
a m  al~ng the free-etream path), then 

c 



For  the  intermediate  trajectories (see fig. 3 ) , the rate of irqpinge- 
ment of water on that  portion of t h e  surface of the body bounded  by the 
point of  tangency (%) on the lower  surface and the  point  of  impingement 
of t he  intermediate  trajectory (1) is 

where 

yO1 being the initial  position of the intermediate  trajectom. 

From equations (10) and (12) 

MA1 E 
MA %f 
- = -  

These equatLons 8x8 the defining  equations  for the quantities (%, E/&) 
which m e  plotted  as  functions of Rf =a -Ir asd which, with the phts 
of q~ and SL versw %, $, permit  the  camputation  of the rate and 
distribution of impingement of waterdrops on a pazticular  airfoil,  given 
the necessary data t o  calculate + and 9 .  

Tables I, 11, and III 8Fe suurmxies of the data obtained using the 
differential analyzer   for  Airfoil Case I, Airfoil  Case 11, and Airfoil 
Case IT, respectively.  The values of x, and are the drop 
velocities at the points of impingement or tangency.  This  infornration 
is incidental  to the immediate purpose of this study,  but  is  included 
with the more pertinent  material  because  of the possible need for  it  at 
aome future  time.  These  values of and fa are reliable  except at 
high values of */% when  the  velocity  components of the drop change 
rapidly  near  the  nose of the  airfoil. 

Figures 4, 9; Etnd 18 are plots of EM, the to". percentage  catch 
versus  the  Scale Modulus, @, xith the Reynolds Modulus, Ru, as parameter, 
for Airfoil  Cases I, 11, and N, respectively.  At low values of q ,  the 
curves  of  conetait % apgroach a value of % which  is  the maximum 
attainable  for  the  particular  airfoil case. This maximum value  of % is 
equal  to the ratio of the projected  frontal  thiclmess of the afrf'oil  to 
the maximum thiclmess of the  aifloil (13 percent  chord in each  Airfoil 
Case).' The values of yo upon which t h e  E;M values are  based m e  
estimated to be good to 0.0001, as f a r  as the precision  of  the  differential 
analyzer  is  concerned. Since EM is  essentially the difference  between 



two values of yo, at  worst the error is about 0.0002. For values of 
2' 100 percent, the percentage error i-s about 0.2 percent but f o r  

values of Z 10 percent and lower, the  percentage error is 2 percent 
and higher. Hence, at very high values of Jrh ($/Ru = 26) when there 
may be some queetian of the val idl ty  of free-etream  conditionrr aa 
i n i t i a l  candltions a t  x = -2.0, the precision of %he differenti€il 
analyzer is  such that even if the  correct  init ial   onnditiane had been 
used, +he prcentage  error  would s t i l l  have been at least 2 percent  or 
higher 

"he precision of the trctjectories  could be increased by e ~ l a r g i n g  
the scale, but then  consideration must be made of the runnirrg tim for 
each trajectory 021 the di f fe ren t ia l  analyzer. The question of the s a l e  
necesmry to give the desired precision while not cawing the running 
time per   t ra jectory  to  be  excessive i e  one which is  posed whether the 
Integration  be performed numerically o r  on any kind of compter. 

Figure 5 is  a plot  of %, the distance along the upper a i r f o i l  
surface  to the point of tangency of the tangent trajectory  ( that  is, 
the furthest   point of impingement on the upper e m a c e  of the a i r f o i l ) ,  
as a function of with % as m t e r  f o r  Case I. SL, the 
distance along the lower a i r fo i l   sur face   to  the point af tangency of 
the tangent trajectory  ( that  is, the  furthest  pint af impingement 
on the lower surface of the a i r fo i l} ,  is equd  in -tude to S, 
because the a i r f o i l  is symruetzicd. and at  a = oO, for case I- AU 
curves of constant % apprach the value 91f(= a) = 0.283, the point 
on the surface at which the a i r f o i l  has its marimurn thickness, a8 9 
decreases (waterdrops increase i n  diameter).  For Cam I, there can 
be no impingement bsyond this point on either surface. - 

Figuree 10 and ll are plots  of LSU and % versus and RU for 
Case 11. The maxim value of is now 0.241 and t h a t  f o r  SI, 
is O . 3 U .  These values"correspond to the case when- = 0 (thst IS, 
when there is no deflection of the drop by the streamlines). 

Figures 19 and X) are similar p lo t s   fo r  Case I T a  The maximum value 
of Su is 0.325 and that f o r  SL is 0.220. As before,  these values 
correspond t o  the case when there ier no deflection of the drop by the 
strea3nlines (*pu = 0).  

L 

The data plotted in figures 5 ,  10, ll, 19, and 20 were obtained by 
scaling off the distances to the points of tangency 011 the output plots  
of the differentAal analyzer. The location of the exact point of tangency 
was not accura te ly   ds tednable  bscause of the thickness of the ink-line 
repreeenting the trajectory and because of the large radiue of curvature 
of both the trajectory and also of the airfoil surface when the traJectory 
is tangent in  the region aft .of the nom of the airfoil. The precision 
of location of the p o h t e  of tangency is estimated t o  be euch as t o  give 



a "maximum error" of about a. 002 (in terms of chord) at  the lower ends of 
the  curves, f o g  005 ( in  terms of chord) a t  the center, and fO. 015 (in terms 
of chord) a t  the upper ends of the curpea. This mimum error  is not a 
IpBasure of any inherent  error in the analyzer  trajectory,  but is only a 
memure of the  indeterminacy of the location of the point tangency. The 
lowest and highest  estfmatians of we location of t h i s  point were used 
in determining the ma@itude of the maximum e r ro r  and it is probable 
that the actual error  webs much less than the maximum. 

Figures, 6, and 7, 12 t o  14, and 21 t o  23 are plots of E/% versus s, 
the distance almg the airfoil surface (in terms of chord length)   for  
various  values of $h with a s  paramster, f o r  Case I, Case 11, and 

, Case IV, respeotively. The quantity E/% is the r a t i o  of t h e  percentage 
catch between the point of tangency an the lower m a c e  and any point 
of impingement on the a i r f o i l  to the tow percentage  catch between the 
point of tangency ~ z 1  the lower surface and point of tangency on t he  upper 
surface. 

DISCUSSION CIF RXSULTS 

As can  be seen from reference 5 ,  the t o t a l  percentage  catch, EM, 
the mea of impingement per foot  of span, - SL, and the  distribution of 
inqingement, E/&, are functions of @, the S d e  Modulus, and %, the 
Reynolds Modulus. The range of $ and % used in these studies 
encompasses m e t  ccnribinatiane of the following range of variables: 
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Figures 4, 9, and 18, which are plots  of versus $ xith % as 
parameter f o r  Caae I, Case 11, and.Case %I, respectively, show that EM, 
based on the maximum t h i c h e s a  of the a i r fo i l ,  becomes greater than 
100 percent when the projected frontal thiclmess.of the a i r f o i l  becomes 
greater than the maximum thiclmess of the airPoil ,  as it does f o r  Case I1 
and Case SV. The shape of the curves of constant % is the aams, in 
general,  but the slopes tend t o  differ a t  the upper and lower ads. The 
five values of the parmeter  % f o r  Case I bracket the four  values f o r  
Case I1 and C a s e  I V .  The reductdon in  nlmiber of values was desirable 
because the numl>er of r u m  was correspmdlngly  reduced w h i l e  the range 
of variables was st i l l  encampasmd, f o r  the most pzt. In order to   bs  
atle t o  compare figure 4 direct- ~ i t h  figures 9 and 18, the dashed lines 
f o r  the intermediate d u e s  of I$ were obtained by interpolatian. 

Comparison of figure 5 uith figures 10 and X!. show13 that at an angle 
of a t tack of 20, the sylmnstrical  15-percent-thick  Joukomki airfoil 
exhibits  points of tangency of the tangent t ra jector ies  which a r e  closer 
t o  the leading edge on the upper surface and further from the leading 
edge on the lower  surface  than f o r  the same a i r f o i l  a t  angle of attack 
of 00, BB x&8 t o  be expected. Also, comparison of the distribution 
curves i n  figures 6 t o  8 with those a h m  in figures 12  t o  18 ahom that 
the curves i n  the latter are not symmstrical about  the  point 8 = 0 and, 
coneequently, that eome 60 t o  80 percent of the total catch impingee on A 

the  lower Burface of the a i r f o i l  instead of the catch being distributed 
evenly between upper and lower S ~ & C B E .  

Inapection of the  dietribution curve8 f o r  Caae Iv (figs. 2 l  t o  23 
or   f igs .  24 t o  26) shows tha t  from 50 t o  60 percent of the  total   catch 
imginges on the upper surface of the cambered a i r f o i l  except when the 
drops are amaU and the velocity (Ru) very high. In t h i s  imtance, &%out 
60 percent of the catch is on the lower surface of the cambered a i r f o i l .  

In general, the dietribution curves f o r  all three s i r f o i l  cam8 
ahow that f o r  a @van Value of q h  the e f fec t  of varying + IS not 
too great  but that f o r  a given value of €?u the ef fec t  of varying */% 
is q u i t e  great, tha t  is, drop size  is re lat ively more important  than 
velocity in determining the distribution of catch. 

Figures 27 t0 29 show c o m ~ s o n s  of the rate of water impingement 
f o r  the respective a i r fo i l s   t o   t he  rate of water b@ngement on two 
cylinders; one w i t h  a diameter e@ t o  twice the radius of the leading 
edge of the a i r f o i l ,  the other w i t h  a diameter equal t o  the mimtun 
thickness of the a i r f o i l  (15 percent  chord). The comparieons are naade 
f o r  a low and a high  value of w. At high values of $ the former 
comparison is  somswhat better,  whereas at  low values of @, the latter 
colqparison is much better. This was t o  be expected because large 
waterdrops ($ low) are  not  deflected greatly by the air flow and the 
catch per foot  e p n  is dependent on t he  projected frontal thickness 
which is  the 8- in the latter imtance preVrously mentioned. 



1. The rates of water  impingelllsnt on the three airfoil  cases  studied 
cannot  be determined satisfactorily by aesuming these rates to  be equal 
to the rates of water  impingement on cylhders except for limited ranges 
of $, the  Scale Modulus. HmevBr, they can be detemined within i25 percent 
for values of $ between 1 and about 100 or 10,000 (depending qon 
t h e  value of m), by assuming the  rates to be equal to the rates of  water 
fmplngement on a cylinder whose radius is  equal to the naxirmun thicksess 
of the  airfoil. 

2. With  respect to distribution, the effect of drop size is greater 
than the effect  of  velocity. 

3 .  Increase of angle d attack of a symmstrical  15-percent-thick, 
Joukowskf airfoil from a = 0’ to a = 2O, or  change from a symmetrical 
15-percent-thick, Joukoweki, to a can&ered, a = 1man line, 15-percent- 
thick, J o u k m k i  airfoil, doe8 not  chauge the rate of water fmpingement 
greatly  (especially  at low $ and high €+J) but does change the area 
of impingement and the distribution  of imgingement to a greater extent. 

Department of Zhglneering 
University of California  

Loa Angeles 24, Calif., October 5, 1948 
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Figure 2.- Diagram . o f  velocity components of air stream and waterdrop. 
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